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Abstract 
This article proposes a precise and ecofriendly micromachining technology for aerospace application called electrochemical ma-
chining in pure water (PW-ECM). On the basis of the principles of water dissociation, a series of test setups and tests are devised and 
performed under different conditions. These tests explain the need for technological conditions realizing PW-ECM, and further explore 
the technological principles. The results from the tests demonstrate a successful removal of electrolytic slime by means of ultrasonic 
vibration of the workpiece. To ensure the stability and reliability of PW-ECM process, a new combined machining method of PW-ECM 
assisted with ultrasonic vibration (PW-ECM/USV) is devised. Trilateral and square cavities and holes as well as a group of English al-
phabets are worked out on a stainless steel plate. It is confirmed that PW-ECM will be probably an efficient new aviation precision ma-
chining method. 
Keywords: electrochemical machining in pure water (PW-ECM); cation exchange membrane; water dissociation 
1 Introduction* 
As a kind of nontraditional technique, the mi-
cromachining technology based on different physi-
cal or chemical reaction principles has been playing 
an active and important role in production in vari-
ous industries, such as, aviation, aerospace, preci-
sion instrument and microelectronics, and so on. 
Electrochemical machining (ECM), a sort of mi-
cromachining, works on the basis of electrochemical 
anodic dissolution, to remove the tiniest bits, as 
small as atom- or ion-size, from the surface of the 
workpiece. ECM appeals to researchers on the 
strength of the absence of mechanical damages, re-
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sidual stresses, and tool wear, on its use. Under 
some given conditions, for instance, lower supplied 
voltages, specified electrolytes and/or ultra-short 
voltage pulses, micro-ECM can be used to turn out 
some two-dimensional (2D) or three-dimensional 
(3D) geometric structures in the Pm or nm order[1-5].G
To realize micro-ECM with high accuracy, 
some Japanese researchers, through their experi-
ments, proposed a new ECM in pure water (PW- 
ECM) idea that ultra-pure water be used to replace 
the hitherto widely applied electrolytes, to prevent 
the parts from corrosion and the environment from 
contamination[6-7]. However, their experimental 
equipments failed to fit for the practical technologi-
cal application. For example, an ion-exchange fiber 
catalyst could hardly be installed in a small ECM 
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gap region. In their experiments, ECM etching op-
erated at the current density of less than 2 A/cm2. 
This indicates the feasibility of their proposal in the 
industrial application on one side, and on the other 
side further experiments are needed to show the 
practicality of machining holes and cavities of vari-
ous shapes. This article performs a set of PW-ECM 
technological experiments to machine out holes and 
cavities of different shapes by using a kind of cation 
exchange membrane instead of a fiber catalyst in-
stalled in the ECM gap region, and a current density 
of 3.7 A/cm2. To ensure the stability and reliability 
of the process, a new combined machining method 
of PW-ECM assisted with ultrasonic vibration 
(PW-ECM/USV) is devised. All the experimental 
results have demonstrated that the proposed tech-
nology is bound to have a brilliant future.  
2 Characteristics of Water Dissociation 
It is well known that, in pure water, the current 
density through the ECM gap is too low to dissolve 
the workpiece, but installation of an ion exchange 
catalyst in the ECM gap, generally at the side of 
workpiece, will rapidly increase the electrolytic 
current density to the magnitude necessary for mi-
cro-ECM. According to the characteristics of the ion 
exchange membrane[8-10], the current density thr- 
ough the ECM gap is directly proportional to the 
quantity of the transferred ion, which depends on 
the membrane resistance and the electrical potential 
gradient. The current density increases with the 
quantity of the transferred ion and the electrical po-
tential gradient increasing. Fig.1 shows a nonlinear 
relationship between the current density and the 
electrical potential gradient. It must be pointed out 
that, in this study, a cation exchange membrane is 
installed in the ECM gap instead of a fiber catalyst 
because of its ease of arrangement in the tiny ECM 
gap region.  
In Fig.1, the curve can be divided into three 
regions. The first is called the Ohm region, because 
the relationship of voltage U against current density 
i almost accords with the Ohm’s law. The second 
region, which is referred to as an ordinary condition, 
is characterized by the constant current density as U 
increases. This is because the membrane resistance 
increases with the rise in electrical potential gradi-
ent. The third region implies the increase in sup-
plied voltage or the electrical potential gradient will 
cause a rapid increase in both the water dissociation 
rate and the ion transferring rate, and as such a 
surge of current density.  
 
Fig.1  Voltage-current density characteristic curve of cation 
exchange membranes. 
The curve in question shows that it is necessary 
to install a certain kind of cation exchange mem-
brane and to supply a certain high electrical poten-
tial gradient between anode and cathode to make the 
current density change in a similar manner as in the 
third region of the curve, and enable realization of 
the micro-ECM. Theoretically, the current density 
passing through the ion exchange membrane can be 
calculated as follows[11] 
b, m,
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where tm, j, tb, j are the cationic number of the ion 
exchange membrane and the boundary layer, G is 
the boundary layer thickness, zj the cationic chemi-
cal valence, Dj the diffusion coefficient, F the Fara-
day constant, cb, j the cationic concentration in solu-
tion, cm, j the cationic concentration on the mem-
brane surface. When the ion concentration on the 
membrane surface is reduced to zero, namely cm, j Ј
0, i Јlim i, the limited current density can be de-
termined byG
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3 Theoretical Analysis of Water    
      Dissociation 
During water dissociation, the water molecule 
is dissociated into H+ and OH–. However, the H+ ion 
must exist in the form of the hydronium ion H3O+. 
That is  
2 32H O H O OH
 o m           (3) 
At a certain temperature, the transfer reaction 
of protons may reach an equilibrium state and the 
equilibrium constant of water dissociation is given 
by 
3OH H O
K c c  u              (4) 
where K is the water ion product constant, which 
changes along with temperature, and OHc  , 3H Oc   
are the concentrations of OH– and H3O+, respec-
tively. According to the Donnan balance theory[11], 
on the interface of the cation exchange membrane, 
there are many factors affecting water dissociation, 
of which the electric potential gradient on the inter-
face of the cation exchange membrane is the impor-
tant one that accelerates the water dissociation. 
Fig.2 shows the geometric structure of bound-
ary layers, concentration difference, and electric 
potential distribution on the interface between the 
cation exchange membrane and pure water in the 
ECM process. When the electric potential gradient 
on the boundary layer increases to the order of 108 
-109 V/m, the water dissociation rate is higher than 
the recomposing rate of H+ and OH– into water, to 
such a point that the recomposing rate may be ig-
nored. With the electric potential gradient increasing, 
the reaction that makes the cation exchange mem-
brane accelerate water dissociation will be so rapid 
that the enhanced allowable current density passing 
through the ECM gap can raise the ECM rate to the 
point that micro-ECM can be realized. 
In the ECM process, apart from the installed 
cation exchange membrane, the flow rate of pure 
water also affects water dissociation. The experi-
mental results show that the greater the flow rate 
becomes, the greater the effects on the water disso-
ciation will be exerted. In addition, the purity of 
water also affects water dissociation. Therefore, a 
group of technological parameters should be prede-
termined prior to disposing the cation exchange 
membrane, which functions to accelerate water dis-
sociation and raise the current density in the third 
region of Fig.1. Then the micro-ECM can be carried 
out smoothly. 
 
Fig.2  Geometric and physical model on the interface of 
cation exchange membrane. 
4 Experimental Investigation of PW-ECM 
A type of cation exchange membrane was cho-
sen in this experiment. This membrane was made of 
a compound of aromatic hydrocarbon and diolefine, 
characterized by acid-, alkali-, and oxidation-proof 
with some other required electrochemical properties. 
Table 1 lists the technical parameters of the cation 
exchange membrane. Fig.3 shows the experimental 
device of PW-ECM, where the cathode (tool) is 
made of a stainless steel wire, and the anode (work-
piece) is made of a sheet of indissoluble platinum 
(Pt), to ensure that the ECM gap is unchangeable. 
At room temperature, with motionless electro-
lyte filled and a cation exchange membrane in-
stalled, a characteristic curve of electric potential 
gradient E against the current density i is plotted in 
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Fig.4 from the experiment. 
Table 1 Technical parameters of cation exchange mem-
brane 
Parameters Values 
Moisture membrance thickness/mm 0.11-0.13 
Exchange capacity/(mg·g–1) 1.8 
Water content/% 24 
Area resistance/(:·cm2) 5 
Transport number/% 95 
Burst strength/(105Pa) 1.5 
 
(a) Photograph of setup 
 
(b) Schematic diagram of setup 
Fig.3  Experimental equipment of PW-ECM. 
 
Fig.4  Characteristics of ion exchange membrane in PW- 
ECM. 
From Fig.4, it is found that the changing trend 
of current density i as a function of the electric po-
tential gradient E, nearly coincides with the theo-
retical analytical results shown in Fig.1. When E  
2.5×106 V/m, then i  2 A/cm2, and with the electric 
potential gradient rising, the current density con-
tinuously increases. Fig.4 serves as an important 
basis to select ECM parameters, including the ap-
plied voltage and the machining gap between cath-
ode (tool) and anode (workpiece). 
From the experiments and the theoretic analy-
sis of water dissociation, the technological experi-
ment parameters were optimized to machine a hole. 
The tool (cathode) is made of a stainless steel 
(1Cr18Ni9Ti) wire, 3 mm diameter, and the work-
piece (anode) is made of a stainless steel 
(1Cr18Ni9Ti) sheet, 0.18 mm thick. The applied 
voltage is 28 V and the initial gap 10 ȝm. In the 
machining process, the current gradually increased 
until its density finally reached 2.3 A/cm2. The re-
sultant hole is shown in Fig.5. Also a six-part al-
phabetical signal “PW-ECM” has been worked out, 
as shown in Fig.6, on an numerical controlled ECM 
(NC-ECM) machine tool. The test pieces thus fab-
ricated by PW-ECM, demonstrate the applicability 
of PW-ECM to realize micro-ECM on the micron 
scale. 
 
(a) View from enter side          (b) View from exit side 
Fig.5  Micrograph of hole machined by PW-ECM. 
 
Fig.6  Micrograph of an alphabetical signal “PW-ECM” 
with PW-ECM. 
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5 Analysis of Experimental Result 
As mentioned earlier, under the ordinary con-
ditions, the density of OH– and H+ in pure water is 
about 10–7 mol/L, in which the allowable density of 
passing current is only in the order of 10–5 A/cm2, 
which proves to be too low to produce the ECM 
scrap-removing rate, required by engineering prac-
tices. Therefore, the means to increase the current 
density becomes a key problem confronted by re-
searchers within this field. According to the princi-
ple of water dissociation, the basic idea is to use 
some kind of catalyst to promote the dissociation of 
water into H+ and OH–. Next, at a certain high elec-
tric potential gradient, the electrolytic current den-
sity is increased about 105 times over that of pure 
water without the catalyst. If this succeeds, the cur-
rent density will reach the level of 1-10 A/cm2, and 
the ECM scrap-removing rate will reach the order of 
1-10 ȝm/min, which meets the practical demand by 
the micro-ECM.  
To test the possibility to fabricate shaped cavi-
ties/holes by the PW-ECM, trilateral and square 
stainless steel tools (cathodes) were prepared by 
NC-EDM for the following experiments, as shown 
in Fig.7 and Fig.8. Fig.9 and Fig.10 show the two 
stainless steel workpieces machined by PW-ECM 
with their pertaining parameters. 
From Fig.9 and Fig.10, some localized areas or 
damaged points, by the short circuit and/or sparks 
can be observed. As the electrolyte is kept almost at 
rest during the ECM process in the PW-ECM device 
shown in Fig.3, it will be very difficult to drive the 
ECM byproducts out of the ECM gap, which results 
in possible damage by short-circuit and sparks when 
ECM reaches a certain depth[12-13]. In other words, if  
 
Fig.7  A trilateral tool (cathode) with a 0.484 mm side 
length. 
 
Fig.8  A square tool (cathode) with a 0.508 mm side length. 
 
Pure water conductivity: 2-20 Ps/cm; Side length of cathode: 484 Pm; 
Applied voltage: 24 V; Machining current: 4-8 mA; 
Initial machining gap: 20 Pm; Feed-rate of cathode: 3 Pm/min 
Fig.9  Trilateral cavity made by PW-ECM. 
 
Pure water conductivity: 2-20 Ps/cm; Side length of cathode: 508 Pm; 
Applied voltage: 24 V; Machining current: 6-8 mA; 
Initial machining gap: 20 Pm; Feed-rate of cathode: 3 Pm/min 
Fig.10  Square cavity made by PW-ECM. 
the electrolyte cannot flow at a certain speed 
through the ECM gap, the depth that the ECM can 
successfully work out will be limited to a narrow 
range, such as up to 10 Pm, as shown in Fig.9 and 
Fig.10. 
6 PW-ECM/USV 
To solve the problem in PW-ECM mentioned 
earlier, this article proposes a new combined tech-
nology of PW-ECM/USV. Ultrasonic vibration can 
be applied to either the workpiece (anode) or the 
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tool (cathode)[14-15], but in the article, it is used on 
the workpieces because it is easy to install the ul-
trasonic vibration device on a worktable. Three 
stainless steel test pieces were prepared by PW- 
ECM/USV—each with a trilateral cavity, a square 
cavity, and a trilateral hole, as shown in Fig.11, 
Fig.12, and Fig.13, respectively. All this demon-
strates that not only does the PW-ECM/USV avoid 
the damages caused by short-circuit and sparks, the 
machining process is improved as well. This is at-
tributed to the fact that the ultra-high frequency vi-
bration of the workpiece also induces an ultra-high 
frequency disturbance in the electrolyte in the ECM 
gap, resulting in driving the ECM byproducts out of 
the ECM gap. 
By comparison, the PW-ECM/USV is superior 
to the normal PW-ECM process, without ultrasonic 
vibration, and with higher machining accuracy. As 
 
Pure water conductivity: 2-20 Ps/cm; Applied voltage: 18 V; 
Side length of cathode: 484 Pm; Machining current: 15 mA; 
USV amplitude§10 Pm; Initial machining gap: 40 Pm; 
Feed-rate of cathode: 8 Pm/min 
Fig.11  Trilateral cavity made by PW-ECM/USV. 
 
Pure water conductivity: 2-20 Ps/cm; Applied voltage: 18 V; 
Side length of cathode: 508 Pm; Machining current: 20 mA; 
USV amplitude§10 Pm; Initial machining gap: 40 Pm; 
Feed-rate of cathode: 8 Pm/min 
Fig.12  Square cavity made by PW-ECM/USV. 
 
Pure water conductivity: 2-20 Ps/cm; Side length of cathode: 484 Pm; 
Applied voltage: 18 V; Machining current: 15 mA; 
USV amplitude§10 Pm; Initial machining gap: 40 Pm; 
Feed-rate of cathode: 6 Pm/min 
Fig.13  Trilateral hole made by PW-ECM/USV. 
the strong disturbing pressure waves generated in 
the PW-ECM/USV process could easily destroy the 
passive layer of the workpiece surface, and the ma-
chining current density could reach higher level, not 
only the scrap-removing rate and the quality of the 
machined surface could be improved, but also the 
machining process could be stabilized. The encour-
aging results of the study imply that the proposed 
process, PW-ECM/USV, is worth further investi-
gating systematically and experimentally.  
7 Conclusions 
(1) By installing a cation exchange membrane 
in a suitable position and enhancing the electrical 
potential gradient between anode and cathode, the 
current density is able to reach 3.7 A/cm2, about 
twice that recommended in Ref.[7], thereby realiz-
ing the micro-ECM at a higher scrap-removing rate. 
(2) Damages caused by short circuit and sparks 
can sometimes be observed in the PW-ECM process. 
This emphasizes the need for some technological 
means to obviate the short circuit and sparks, to en-
sure a stable and reliable PW-ECM process. Among 
them, ultra-short pulses and PW-ECM/USV are con-
sidered to be promising. 
(3) Comparing the experimental results of the 
combined technology, PW-ECM/USV, with those on 
the normal PW-ECM, attests the superiority of the 
PW-ECM/USV over the PW-ECM in both machin-
ing accuracy and reliability. Therefore, it is worth-
while to investigate the pertaining machining me- 
 Bao Huaiqian et al. / Chinese Journal of Aeronautics 21(2008) 455-461 · 461 · 
 
chanism and the production specification of the PW- 
ECM/USV in the future. 
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